Abstract
In the present work, the problem of entrance region flow heat transfer of Bingham fluid in concentric annuli has been investigated. The analysis has been carried out under the assumption that the inner cylinder is rotating and the outer cylinder is at rest. With Prandtl's boundary layer assumptions, the equations of conservation of mass, momentum and energy are discretized and solved using linearized implicit finite difference technique. The system of linear algebraic equations thus obtained has been solved by the Gauss-Jordan method. The development of axial velocity profile, radial velocity profile, tangential velocity profile, pressure drop and the temperature distribution in the entrance region have been determined for different values of non-Newtonian flow characteristics and geometrical parameters. The effects of these on the temperature distribution have been discussed.
Formulation of the problem
The geometry of the problem is shown in Fig. 1 . The Bingham fluid enters the horizontal concentric annuli with inner and outer radii R 1 and R 2 , respectively, from a large chamber with a uniform flat velocity profile u 0 along the axial direction z and with an initial pressure p 0 and temperature t 0 . The inner cylinder rotates with an angular velocity ω and the outer cylinder is at rest. The flow is steady, laminar, incompressible, axisymmetric with constant physical properties, having negligible viscous dissipation and no internal heat generation. Moreover, it is assumed that the axial heat diffusion is negligible as compared to the radial diffusion. We consider a cylindrical polar coordinate system with the origin at the inlet section on the central axis of the annulus, the z-axis along the axial direction and the radial direction r perpendicular to the z-axis. Under the above assumptions with the usual Prandtl's boundary layer assumptions [14] , the governing equations in polar coordinate system (r, θ, z) for a Bingham fluid in the entrance region are: 
where u, v, w are the velocity components in z, r, θ directions respectively, t is fluid temperature at any point, ρ is the density of the fluid, α is the thermal diffusivity and p is the pressure.
The boundary conditions associated with the hydrodynamic part of the problem are given by Using the boundary conditions (7), the continuity Eq. (2) can be expressed in the following integral form: 
Here B is the Bingham number, Re Reynolds number, T a Taylors number, μ r is know as reference viscosity, Pr is the Prandtl's number, C p is the specific heat at constant temperature, K is the thermal conductivity and N is known as aspect ratio of the annulus.
Equations (2)- (6) and (8) in the dimensionless form are given by
The boundary conditions (7) associated with the hydrodynamic part of the problem in the dimensionless form are given by For the thermal part, considering the outer cylinder to be adiabatic and the inner cylinder to be isothermal, the problem has been solved under the following boundary conditions: The problem can be similarly analyzed for the case when the inner cylinder is adiabatic and the outer cylinder is isothermal. The boundary conditions for this case will be 
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Numerical solution
The numerical analysis and the method of solution adopted here can be considered as an indirect extension of the work of Coney and El-Shaarawi [1] . Considering the mesh network of 
of linear equations. Again solving this system by GaussJordan method to obtain the values of the velocity component U and the pressure P at the second column j = 1. Finally, the values of the velocity component V at the second column j = 1 are obtained from Eq. (18) by Gauss-Jordan method using the known values of U. Repeating this procedure, we can advance, column by column, along the axial direction of the annulus until the flow becomes axially and tangentially fully developed.
With the values of V and U known, the energy Eq. (13) can be considered as a linear equation in T with variable coefficients. By using the implicit finite difference technique, the energy equation can be represented as It is observed from the results obtained, that the temperature decreases with increase of Bingham number B for a fixed annular width. When the aspect ratio N increases, it is found that the temperature increases for a fixed Bingham number.
Moreover, with the increase of Prandtl's numbers the temperature decreases for a fixed aspect ratio N and Bingham number B. Also, it is found that with the increase of axial position the temperature also increasing for a fixed aspect ratio N, Bingham number B and Prandtl's number.
The present results are compared with available results in literature for various particular cases and are found to be in agreement. When the Bingham number B = 0, our results match with the results corresponded to Newtonian fluid of Coney and El-Shaarawi [1] . In the case of stationary cylinders, the results in our analysis are matching with the results of Kandasamy [7] . Also, in the case of non-thermal part these results matches with the results of Srinivasa Rao and Kandasamy [13] .
Conclusions
Numerical results for the entrance region flow heat transfer in concentric annuli with rotating inner wall for Bingham fluid were presented. The effects of the parameters aspect ratio N, Bingham number B and Prandtl's number on the temperature distribution are studied. Numerical calculations have been performed for all admissible values of aspect ratio N, Bingham number B and Prandtl's number. The temperature distribution along radial direction R have been presented geometrically. The present results are found in agreement with the results corresponding to various particular cases available in literature.
From this study, the following can be concluded. 1. The temperature decreases from the rotating inner wall to the stationary outer wall of the annulus.
When increasing the Bingham numbers B, it is observed
that the temperature decreases. 3. With the increase of Prandtl's numbers, the temperature decreases. 4. When aspect ratio N increases, it is found that the temperature increases. 5. With the increase of axial position Z, the temperature also increases.
